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Ionospheric responses on Space Weather
Near Earth plasma environment 
7is a final chain of space weather 
phenomena started from the Sun

As response to Space Weather 
ionosphere can experience 
depletions or enhancements in 
plasma density/total electron 
content, altitudinal and 
geographical redistribution of 
ionospheric plasma different from 
quite condition, formation of 
plasma irregularities and gradients

SOHO/NASA



The open questions:

When and where ionospheric plasma irregularities are 
developed?

Our task:

Monitoring of the ionospheric irregularities using GNSS 
signals. 

Our approach:

The TEC rapid changes analysis on the base of GNSS signal 
measurements

Ionospheric plasma irregularities detection using GNSS observations

Credit: INGV



ROT (Rate of TEC change, dTEC/dt) as a measure of phase fluctuation activity (Pi et al, 1997)

ROTI (Rate of TEC change Index, standard deviation of ROT) characterizes severity of the GNSS
phase fluctuations. ROT/ROTI techniques was deweloper by NASA JPL team (Pi et al., 1997)

Ionospheric irregularities can be characterized by its impact on amplitude and phase of the
received GNSS signal.

Methodology

Basic approach:

1. Rate of TEC (dTEC/dt) calculation

2. Rate of TEC Index (ROTI) estimation

ROTI is calculated as tandard deviation of ROT on 5 min interwal for 30 second 
resolution GNSS measurements



ROT and ROTI 
calculated for high-
latitude (Tromso, left) 
and mid-latitude 
(Lama, right) stations

Methodology



6

World distribution of GNSS tracking stations

Year 2024
~ 6300 stations
~3500 multi-GNSS stations 
(GPS + GLONASS)

Year 1996
More than 100 GPS stations

Courtesy Manucci et al, 1998

Zakharenkova et al, JGR, 2016



Basic approach:

The Rate of TEC Index mapping

Ionospheric plasma variability drivers:

- Solar radiation

- Geomagnetic field

The coordinates system:

Magnetic Local Time (MLT) and

Corrected Magnetic Latitude (MLAT) 

IGS ROTI Maps

Image credit: SRI International

IGS – International GNSS Service

IGS provides, on an openly available basis, 
GNSS data, products and services in support 
of; positioning, navigation and timing



Detailed description of the ROTI Maps Product available in the paper Cherniak et al., GPS Solution, 2018.

IGS ROTI Maps

ROTI maps are available for the period from 2010 to present on NASA CDDIS 

- Developed in University of Warmia and Mazury IGS data analysis center
- Introduced on 2013, IGS GB meeting

- Pilot phase started on 2014 after IGS Workshop in Pasadena

(Cherniak et al, 2014, Radio Science)

- Tested within framework of ESA Monitor-2 project on 2015-2016

(Béniguel et al, 2017, Angeo)

- Accepted on 2017 as official IGS product for ionospheric irregularities specification

(Cherniak et al, 2018, GPS Solutions)



IGS ROTI Maps: day-to-day ionospheric irregularities variability. 



Ionospheric irregularities evolution during May 2024 superstorm

IGS ROTI Maps: application



Ionospheric irregularities evolution during moderate and strong geomagnetic 
storms on August 2024

IGS ROTI Maps: application



Daily IGS ROTI Maps vs high resolution global ROTI maps

Daily MLAT-MLT IGS ROTI Maps for 
specification of large-scale pattern of 
irregularities occurrence (e.g. 
irregularities oval)

Cherniak et al, 2017

Two level of ROTI mapping \for ionospheric irregularities detection and tracing

High resolution ROTI maps (up to 5 
min resolution) – ionospheric 
irregularities dynamics in more detail

Cherniak et al, 2016



Dynamics of ionospheric irregularities traced  using GNSS ROTI maps.

August 2018 geomagnetic storm. 

Strong geomagnetic storm near solar 
minimum

Min SYM-H –175 nT  



Daily MLT-MLAT ROTI maps for the Northern Hemisphere for 25–27 August 2018. and 
15-18 March 2015

F10.7 - 68 SFU
Min SYM-H –175 nT

Dynamics of ionospheric irregularities traced  using GNSS ROTI maps.

August 2018 geomagnetic storm. 



High/mid ionosphere response to August 2018 geomagnetic storm. Dynamics of
ionospheric plasma irregularities distribution by high-resolution ROTI maps

Dynamics of ionospheric irregularities traced  using GNSS ROTI maps.

August 2018 geomagnetic storm. 



Cherniak&Zakharenkova, JGR, 2022

Dynamics of ionospheric irregularities traced  using GNSS ROTI maps.

August 2018 geomagnetic storm. 
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The plasma bubbles in
signatures spaceborne GPS
ROTI and Ne from Swarm
satellites passes and DMSP
in situ ion density.

The June 2015 geomagnetic storm 
Plasma bubbles on midlatitudes

Cherniak&Zakharenkova, GRL, 2016



18Cherniak and Zakharenkova, 
GRL, 2016

The June 2015 geomagnetic storm 
Plasma bubbles on midlatitudes
Global overview

Cherniak et al, submitted to JGR, 2018
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The June 2015 geomagnetic storm 
Plasma bubbles on midlatitudes

Cherniak et al, submitted to JGR, 2018
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The June 2015 geomagnetic storm. Plasma bubbles on 
midlatitudes. COSMIC S4 index

Cherniak et al, submitted to JGR, 2018
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The June 2015 geomagnetic storm. Plasma bubbles on 
midlatitudes. Impact on navigation performance

EGNOS, the European Geostationary Navigation Overlay Service. . It augments the satellite navigation systems and makes it 
suitable for safety critical applications such as flying aircraft or navigating ships through narrow channels.



Moderate and strong geomagnetic storms can drive formation of different types of
ionospheric plasma irregularities. Typically developed on high latitudes with their
further extension to midlatitudes but in same cases intense ionosphere plasma
irregularities expanded from equatorial towards middle latitudes

Combination of ground based GNSS observations and space-based ionospheric
measurements effectively contribute to tasks related with ionospheric plasma
irregularities specification and Space Weather investigations :

o Day-today ionosphere irregularities variability and climatology

o Ionosphere plasma irregularities of auroral origin at high and mid midlatitudes

o Storm-induced topside plasma density enhancements and gradients

o Storm-induced midlatitude and equatorial irregularities and differences from 
climatology

o Analysis of ionospheric plasma irregularities impact on GNSS performance

Summary
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